Vestibular balance control is dynamically weighted during locomotion. This might result 2 from a selective suppression of vestibular inputs in favor of a feed-forward balance 3 regulation based on locomotor efference copies. The feasibility of such a feed-forward 4 mechanism should however critically depend on the predictability of head movements 5 (PHM) during locomotion. To test this, we studied in healthy subjects the differential 6 impact of a stochastic vestibular stimulation (SVS) on body sway (center-of-pressure, 7 COP) during standing and walking at different speeds using time-frequency analyses 8 and compared it to activity-dependent changes in PHM. SVS-COP coupling decreased 9 from standing to walking and further dropped with faster locomotion. Correspondingly, 10 PHM increased with faster locomotion. Furthermore, SVS-COP coupling depended on 11 the gait-cycle-phase with peaks corresponding to periods of least PHM. These findings 12 support the assumption that during stereotyped human self-motion, locomotor 13 efference copies selectively replace vestibular cues, similar to what was previously 14 observed in animal models. 
Introduction 1
The vestibular system encodes head orientation and motion to facilitate balance 2 reflexes that ensure postural equilibrium during passive as well as self-initiated 3 movements (Angelaki & Cullen, 2008) . During locomotion, i.e., stereotyped self-4 motion, vestibular influences on balance control appear to be dynamically up-or down-5 regulated in dependence on the phase and speed of the locomotor pattern. sensory feedback about how the body has moved, but also on predictions of resultant 20 movements derived from efference copies of the motor command (Straka et al., 2018) . 21
Physiological evidence for such a direct feed-forward control mode has recently been 22
shown for animal locomotion. During Xenopus laevis tadpole swimming, intrinsic 23 efference copies of the locomotor command deriving from spinal central pattern 24 generators (CPG) were shown to directly trigger ocular adjustments for gaze 25 stabilization and selectively cancel out afferent vestibular inputs (Lambert et al., 2012; 26 Cross-correlations between SVS and COP signals were computed to determine the 1 onset and peak of SVS-induced COP displacements. For this purpose, the inverse 2 Fourier transform of the cross-spectrum 12 ( ) was computed and normalized by the 3 norm of the input vectors to obtain unitless correlation values bounded between -1 and 4 1 (Blouin et al., 2011). Resultant 95% confidence limits for cross-correlation estimates 5 were 0.015 for stance and 0.008 for walking trials respectively. Finally, phase 6 estimates between the SVS and COP signals were estimated from the complex valued 7 coherence function. This allows to determine the phase lag corresponding to frequency 8 bandwidths with significant SVS-COP coherence estimates (Dakin et al., 2007) . The 9 slope of the phase values over the range of significant coherence estimates was 10 computed using regression analysis and multiplied by 1000/2 to yield an estimate of 11 the phase lag in milliseconds. 12
13
For the two walking stimulation trials, we further analyzed phasic modulations in the 14 correlation between SVS and COP signals across the average gait cycle, using time-15 dependent coherence analysis according to a previously described procedure (Blouin 16 et al., 2011; Dakin et al., 2013) . First SVS and COP signals were cut into individual 17 strides synchronized to the left heel strike and then time-normalized by resampling 18 each stride to a total of 300 samples. The first 250 strides of each trial were taken for 19 further analysis and padded at the start and end with data from the previous and 20 subsequent strides to avoid distortions in the subsequent correlation analysis. Time-21 dependent coherence was then estimated using a Morlet wavelet decomposition 22 based on the method of Zhan et al (Zhan et al., 2006) , with a resultant frequency 23 resolution of 0.5 Hz and 95% confidence limits of 0.018. 24
25

Head motion predictability 26
Head motion predictability was quantified separately for linear head acceleration and 1 angular head velocity according to a previously proposed procedure (MacNeilage & 2 Glasauer, 2017). First, IMU signals were cut into individual strides synchronized to the 3 left heel strike and further time-normalized by resampling each stride to a total of 300 4 samples. Head motion data from the first 125 strides ( = 125) was used for further 5 analysis and averaged to reconstruct the mean head motion trajectory across the stride 6 cycle, i.e., the stride-cycle attractor. Subsequently, the total variance =>= and residual 7 variance ?@A of head motion were calculated: where ℎ( ) E is the head motion during the th stride at the normalized stride time , ℎ G 14 is the average head motion over all stride cycle phases and strides, and ( ) denotes 15 the stride cycle attractor. Correspondingly, =>= quantifies the signal deviation from 16 the overall mean signal whereas ?@A gives the signal deviation from the stride cycle 17 These considerations can be expressed in the form of a statistically optimal model, i.e., 4
the maximum likelihood estimation model for cue integration (Ernst & Banks, 2002) . 5 Accordingly, head motion Q can be estimated by a weighted linear combination of 6 vestibular (sensory, ) and efference copy (motor, ) cues with weights A@TA and 7 U>= corresponding to the relative reliability of these cues: The above weights can now be estimated using the head motion data based on the 16 following two assumptions: (1) According to Weber's law, sensory noise is assumed to 17 be signal-dependent, i.e., its variance should be proportional to the squared signal 18 acceleration compared to angular head velocity (F1,18 = 44.7; p < 0.001, Figure 2C ). 1 SVS-COP coupling across the gait cycle exhibited phasic modulations with two distinct 2 peaks occurring at 25.0 ± 2.4% and 74.3 ± 2.7% of the gait cycle during slow walking 3 and at 25.4 ± 1.4% and 76.6 ± 1.4% of the gait cycle during walking at medium speed 4 (Figure 2A,B) . In accordance, the estimated head motion predictability was similarly 5 modulated throughout the gait cycle. Periods of maximum ?@A (i.e., least predictability) 6 of angular head velocity corresponded to peaks of SVS-COP coherence (at 21.6 ± 7 2.8% and 73.5 ± 3.1% of the gait cycle during slow walking and 21.3 ± 1.3% and 73.4 8 ± 2.6% of the gait cycle during medium walking). In contrast, peaks of linear head 9 acceleration ?@A occurred at considerably earlier instances of the gait cycle (5.9 ± 10 2.8% and 56.4 ± 1.0% of the gait cycle during slow walking and 6.7 ± 2.9% and 56.9 ± 11 1.4% of the gait cycle during medium walking). 
Discussion 10
Here we observed that activity-dependent modulations of vestibular influence on 11 balance control closely match differences in head motion predictability. This finding 12 supports a previously proposed model (MacNeilage & Glasauer, 2017), based on the 13 idea that during stereotyped locomotion, efference copies of locomotor commands 14 may be used in conjunction with sensory, especially vestibular, cues in order to 15 estimate resultant head movements and trigger adequate balance adjustments. The 16 extent to which balance regulation during locomotion relies on concurrent vestibular 17 vs. motor feed-forward signals should further depend on the reliability of these 18 estimates, such that higher weighting is given to the less noisy estimate (Ernst & 19 Banks, 2002). Accordingly, we found that activities linked to less stereotyped head 20 movements (i.e., standing or slow walking) were more sensitive to externally triggered 21 vestibular cues than activities with highly predictable head motion patterns (i.e. faster 22 walking). Furthermore, we found that during walking, sensitivity to SVS was highest at 23 the times of lowest head movement predictability. Thus, the present results provide a 24 reasonable explanation for the dynamic weighting of vestibular influences across and 25 within different activities and further emphasize the possibility of an intrinsic feed-26 forward regulation of balance during human locomotion based on locomotor efference 27 copies. In the following, we will discuss these findings with respect to their functional 1 implications and possible physiological correlates. presence of an efference copy of locomotor commands imposes an upper limit for the 10 weighting of sensory influences, i.e., A@TA < 1/(1 + ) < 1, which depends on the 11
Weber's fraction , the proportionality constant for signal dependent noise 12 (MacNeilage & Glasauer, 2017). Thus, in contrast to standing, balance regulation 13 during locomotion will always be partially governed by a locomotor efference copy, i.e., Similar effects were also observed in other non-vestibular sensory modalities. For 24 instance, proprioceptive stretch reflexes that govern postural control during standing 25 are known to be selectively suppressed during locomotion (Dietz et al., 1985) . The relationship between the activity-dependent modulation of vestibular influences 25 and changes in head motion predictability suggests that during human locomotion an 26 intrinsic feed-forward mechanism based on locomotor efference copies plays a part in 1 balance regulation, which was previously thought to be purely controlled by 2 sensorimotor reflexes. Traditionally, motor efference copies are primarily considered 3 to serve as predictors of sensory consequences arising from one's own actions, 4 thereby enabling the brain to distinguish self-generated sensory signals (reafference) 5 from sensory inputs caused by unpredictable external influences (exafference) (Cullen, 6 2004; Sperry, 1950; von Holst & Mittelstaedt, 1950) . Recent research, however, has 7 expanded this view, suggesting that internal motor predictions are also involved in 8 coordinating action of different motor systems that are otherwise functionally and 9
anatomically unrelated (Straka et al., 2018) . One well described example of such an 10 efference copy-mediated motor-to-motor coupling is the interaction between the 11 mammalian locomotor and respiratory motor system, which is coordinated by intrinsic 12 efference copies derived from CPG activity in the lumbar spinal cord (Onimaru & shown that the phasic modulation of vestibulospinal neuron activity in the lateral 23 vestibular nucleus observed during locomotion in cats depends on the presence of an 24 intact cerebellum and is disrupted by its removal (Orlovsky, 1972; Udo et al., 1982) . 
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